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Abstract
The roles of rod and cone input and of dopamine in the generation of oscillatory potentials were studied in tiger salamander retina.
Under scotopic conditions, oscillations were elicited with a green, but not a red stimulus. With mesopic background illumination, both
stimuli caused oscillations. Addition of quinpirole to a mesopic retina eliminated oscillations while SKF-38393 had no eVect. Similarly,
addition of sulpiride to a light-adapted retina elicited oscillatory activity, but SCH 22390 had no eVect. These results suggest that oscilla-
tory potentials are elicited through activation of the rod pathway and are modulated by dopamine through D2-receptors.
Published by Elsevier Ltd.
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Oscillatory potentials (OPs) are relatively high frequency
wavelets superimposed on the b-wave of the electroretino-
gram (ERG) that have been described in species ranging
from frog (Granit & Munsterhjelm, 1937) to human (Cobb &
Morton, 1953). From a clinical standpoint, OPs can be a use-
ful diagnostic tool for early detection of disorders such as
diabetic retinopathy (Henkes & Houtsmüller, 1965; Simon-
sen, 1965) and congenital stationary night blindness (Hec-
kenlively, Martin, & Rosenbaum, 1983; Lachapelle, Little, &
Polomeno, 1983), to predict outcome in cases of occlusive
vascular disease (Usami, 1967), and to monitor systemic
hypertension (Müller, Gauss, Spittel, & Dück, 1984).
From a research perspective, OPs provide a tool for
exploring the interaction of retinal neurons. Both pharma-
cological and laminar proWle studies suggest that OPs are
produced by neurons in the inner retina via mechanisms
independent of those responsible for the generation of the
* Corresponding author. Fax: +1 505 667 3564.
E-mail address: bperry@lanl.gov (B. Perry).0042-6989/$ - see front matter Published by Elsevier Ltd.
doi:10.1016/j.visres.2006.11.004a- and b-waves (Brindley, 1956; Dong, Agey, & Hare, 2004;
Korol, Leuenberger, Englert, & Babel, 1975; Ogden &
Wylie, 1971; Wachtmeister & Dowling, 1978; Wachtmei-
ster, 1980). OPs in most species can be elicited in scotopic,
mesopic, and photopic conditions by a suprathreshold light
stimulus and several studies indicate that depending on
stimulus conditions, OPs reXect the activity of rods or
cones separately or an interaction of the two (Algvere &
Wachtmeister, 1972; Fatechand, 1978; King-Smith, LoYng,
& Jones, 1986; Wachtmeister, 1973). The relative strength
of OPs appears to be inXuenced in part by the adaptational
state of the retina and in many species OPs are best evoked
under mesopic conditions (Alcayaga, Bustamante, & Gut-
ierrez, 1989; Algvere & Wachtmeister, 1972; Coupland,
1987; el Azazi, Wang, Eklund, & Wachtmeister, 2004;
Wachtmeister, 1973; Wachtmeister & Dowling, 1978;
Wang, el Azazi, Eklund, & Wachtmeister, 2001).
The inXuence of adaptational state on OPs has been
attributed in part to modulation by dopamine. Reserpine, a
drug that decreases dopamine levels, was found to reduce
OPs and the dopamine precursor, L-DOPA, reversed this
eVect (Gutierrez & Spiguel, 1973; Hempel, 1972/1973). In
addition, both haloperidol, a dopamine antagonist, and
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meister, 1981; Wachtmeister & Dowling, 1978).
Dopamine is one of the main neuromodulators involved
in retinal light adaptation. A study by Krizaj and Witkov-
sky (1993) found that dopamine mimics the eVect of light;
in the dark, dopamine produced changes in physiological
responses similar to light adaptation and D1- and D2-
receptor (D1-/D2-R) antagonists caused a light-adapted
retina to return to the dark-adapted like state. In the inner
retina, dopamine binds primarily to D1-Rs resulting in
decreased coupling between horizontal cells (DeVries &
Schwartz, 1989), increased current Xow through AMPA
receptors on horizontal cells (Knapp & Dowling, 1987),
and modulation of Ca2+ channels in horizontal cells
(PfeiVer-Linn & Lasater, 1998) and ganglion cells (Liu &
Lasater, 1994), and K+ channels in bipolar cells (Fan &
Yazulla, 1999).
In the outer retina, binding of dopamine to D2-Rs has
been shown to inhibit the hyperpolarizing current in rods
(Akopian & Witkovsky, 1996) and modulate the calcium cur-
rent in rods and cones (Stella & Thoreson, 2000). The net
result is a decrease in rod-input and an increase in cone input
into second-order neurons (for review; Witkovsky, 2004). In
amphibians, it has been found that activation of D2-Rs also
opens gap junctions between rods and cones (Krizaj, Gabriel,
Owen, & Witkovsky, 1998), allowing cone input into the rod
pathway and vice versa. This eVect is most pronounced dur-
ing the mesopic state when light levels are such that both
rods and cones contribute to the visual signal.
The primary aim of this study was to investigate which
dopamine receptor subtype is responsible for the modula-
tion of oscillatory activity by applying speciWc D1- and D2-
R agonists and antagonists. In addition, following up on
the observation that OPs were diminished with strong
photopic background illumination, we used stimulus light
of speciWc wavelength and intensity to preferentially stimu-
late rods or cones in order to explore the possibility that
oscillations in tiger salamander are elicited primarily by rod
input into second-order neurons.
2. Methods
2.1. Preparation
Larval tiger salamanders (Ambystoma tigrinum) were obtained from
Kons ScientiWc (Germantown, WI) and housed in aquaria with Wltered, oxy-
genated water under a 12 h dark/12 h light cycle. Light intensity inside the
aquarium during the day cycle was approximately 45 cd/m2, although hiding
places were available in which the light intensity was 1–2 log units dimmer.
Prior to an experiment, salamanders were adapted in scotopic, mesopic, or
photopic conditions for 2 h. The salamanders were decapitated, double
pithed, and the eyes removed in accordance with standards approved by the
Los Alamos National Laboratory Institutional Animal Care and Use Com-
mittee. The eyes were hemisected and the retinas carefully removed in a bath
of amphibian Ringer (107 mM NaCl, 2.5 mM KCl, 1.6 mM MgCl2, 1 mM
CaCl2, 22.0 mM NaHCO3, 10 mM D-glu) under infrared light for scotopic
conditions, dim red light for mesopic conditions, or bright white light for
photopic conditions. The isolated retina was placed ganglion side down onto
a three-dimensional 60-electrode array (ALA ScientiWc Instruments, Inc,
Westbury, NY) and perfused with oxygenated amphibian Ringer at the rateof 1.1 ml/min. A lexan hold-down device covered with dialysis membrane
was used to press the retina down to ensure suYcient electrical contact with
the electrodes. All recordings were made inside a Faraday cage at room tem-
perature. To increase the likelihood that endogenous dopamine levels were
consistent between experiments, all experiments reported here were con-
ducted between 6 and 7 h into the light cycle. Drugs were obtained from
Fisher ScientiWc and were introduced through the perfusion system after
being dissolved in Ringer.
2.2. Stimulus
Three light emitting diodes (LEDs) (red, p D 610 nm; green,
p D 524 nm; and white) driven by a function generator (Stanford Research
Systems, Sunnyvale, CA) were used to stimulate the retina with a full-Weld,
diVuse stimulus for 500 ms. We used this stimulus duration in order to better
distinguish between the on and oV-responses. To prevent the retina from
becoming light-adapted, the 500 ms Xash was presented once every minute
for 3 min, followed by a 5 min break. In tiger salamander, approximately
98% of rods are maximally sensitive to middle wavelengths and about 85%
of cones are maximally sensitive to long wavelengths (Sherry, Bui, & Degrip,
1998). Therefore, in order to preferentially stimulate the rods under scotopic
and mesopic conditions, a green stimulus with an intensity of 1.6 £ 10¡1 cd/
m2 was used, which, based on a study in tiger salamander by Yang and Wu
(2004), should elicit a substantial rod response and a minimal cone response.
Similarly, in order to preferentially stimulate cones without eliciting a strong
rod response, we used an 8.8 £ 101 cd/m2 red stimulus (Yang & Wu, 2004)
under both scotopic and mesopic conditions. For photopic conditions, the
light intensity of the stimulus was approximately 1.6 £ 103 cd/m2. In experi-
ments testing the eVect of the dopamine receptor agonists and antagonists,
we utilized a white stimulus with an intensity of 8.8 £ 101 cd/m2 for mesopic
conditions and 1.6 £ 103 cd/m2 for photopic conditions. For all experiments
described in this paper, the intensity of the background light was
1.2 £ 10¡5 cd/m2 for scotopic conditions and 1.2 £ 10¡2 cd/m2 for mesopic
conditions, which is above the cone threshold, but below the level of rod sat-
uration (Aguilar & Stiles, 1954; Hood & Finkelstein, 1986). Under light-
adapted conditions, a white or blue background light at 1.2 £ 102 cd/m2 was
used. Light intensity was measured using a Tektronix digital photometer
(model J6523).
2.3. Data collection and analysis
Data were collected at 20 kHz using a multi-channel data acquisition
system developed at Los Alamos National Laboratory (Rector & George,
2001). For the data presented in the Wgures, we chose representative data
from one of the 60 channels and from one trial; data was not averaged
across trials or across channels. Characterization of oscillatory activity in
the local Weld potential was conducted oV-line using Igor Pro (Wavemet-
rics, Portland, OR). To quantify the strength of the oscillations, a fast Fou-
rier transform (FFT) was performed on unWltered data from the start of
the b-wave until the termination of the light stimulus (typically between
0.15 and 0.5 s). An oscillation index (OI) was calculated as the ratio of the
peak power of the FFT in the / band (between 15 and 100 Hz) to the
mean power between 150 and 250 Hz (MolotchnikoV, Shumikhina, &
Moisan, 1996; Ishikane, Gangi, Honda, & Tachibana, 2005). Paired Stu-
dent’s t-tests were used to compare the OI values within the same retina in
response to diVerent stimulus paradigms. For experiments measuring the
eVect of a drug, OIs were normalized by dividing the OI value for the drug
by the OI value for the control and a paired Student’s t-test was conducted
against a theoretical value of 1.
3. Results
3.1. Oscillatory activity in the ERG
Oscillations were elicited under scotopic and mesopic
conditions. The average frequency of the OPs across
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frequency of OPs reported in other amphibians (Wachtmei-
ster & Dowling, 1978; Wachtmeister & Hahn, 1987). Stud-
ies in humans have found that the frequency of OPs under
scotopic conditions is signiWcantly higher than under phot-
opic conditions (Algvere & Westbeck, 1972; Wachtmeister,
1972). We were unable to make a similar comparison since
we did not observe OPs under photopic conditions, how-
ever, the frequency of the OPs with scotopic and mesopic
background illumination did not diVer signiWcantly
(21.6 § 3.2 and 22.8 § 3.6, respectively; p D 0.31). Changing
the wavelength of the stimulus also had no eVect on the fre-
quency of the OPs (green D 21.0 § 2.7 and redD 23.4 § 3.3;
p D 0.14). In addition, introduction of the D1-/D2-agonists
and antagonists did not cause a change in the frequency.
Although the frequency of the oscillations was remarkably
stable throughout an experiment, the number of wavelets
was aVected by the adaptational state of the retina. In sco-
topic conditions, the oscillations consisted of 3 discernable
wavelets, while in mesopic conditions the number of wave-
lets varied from 3 to 5 (Fig. 1).
3.2. Adaptational state and stimulus
The appearance and strength of oscillations in the trans-
retinal Weld potential was dependent on the adaptational
state of the retina and the wavelength of the light used to
stimulate the retina. Under scotopic conditions, the retina
was stimulated with a red (610 nm) or green (524 nm) stim-
ulus. The green stimulus evoked oscillations while the red
stimulus produced few if any oscillations (Fig. 1). We quan-
tiWed this diVerence with the oscillation index (see Section
2), which, for the red stimulus, was signiWcantly less than
for the green stimulus (Fig. 2; p < 0.05).
By exposing a dark-adapted retina to mesopic back-
ground light for 10 min, it was possible to elicit oscillations
in response to both the red stimulus and the green stimulus
(Fig. 1). Oscillatory responses to both stimulus wavelengthswere sustained and robust. There was no signiWcant diVer-
ence between the oscillation indexes for the red or green
stimuli (Fig. 2; p D 0.21) or in the frequency of the peak
FFT power. Similar results were obtained when the animal
was adapted under mesopic conditions prior to the start of
an experiment. Under photopic conditions, neither the red
stimulus nor the green stimulus elicited an oscillatory
response (Fig. 1). There was no signiWcant diVerence
between the oscillation indexes for the two stimulus para-
digms (Fig. 2; p D 0.32). To ensure that the lack of OPs
under photopic conditions was not due to use of an insuY-
cient stimulus, we performed control experiments in which
a retina adapted under photopic conditions was stimulated
with a series of red or white stimuli ranging in intensity
from 2.3 cd/m2 to 2.3 £ 104 cd/m2. OPs were not elicited in
response to any of these stimuli (data not shown).
3.3. D1- and D2-R agonists
Retinas were adapted under mesopic conditions and
stimulated with a white LED in order to elicit robust oscil-
latory activity. The strength of oscillatory activity
decreased with the addition of 10M quinpirole, a D2-R
Fig. 2. Oscillation index for green and red stimuli under diVerent adapta-
tional conditions. Under scotopic conditions, the oscillatory response to
the red stimulus was signiWcantly less than in response to the green stimu-
lus. ¤p < 0.05.Fig. 1. UnWltered, single trial ERGs from a salamander retina. OPs are designated by brackets in the top left and right trace and middle left trace. With
scotopic background illumination (top trace), a green stimulus elicited oscillations, but a red stimulus did not. After 10 min of mesopic background illumi-
nation (middle trace), both red and green stimuli resulted in oscillations and the duration of oscillations increased. With photopic background illumina-
tion (bottom trace), neither the green nor the red stimuli resulted in oscillations.
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out for 10 min. This eVect is apparent as a signiWcant
decrease in the oscillation index in the presence of quinpi-
role (Fig. 5; p < 0.001). This reduction was manifest in some
retinas as a total elimination of the OPs (1 out of 6), in
some by a reduction in amplitude of the later OPs (3 out of
6), and in others as a reduction of the early OPs (2 out of 6).
The addition of 75M of the D1-agonist SKF-38393
diminished the strength of the oscillations slightly (Fig. 3),
however these changes were not signiWcant (Fig. 5;
p D 0.17). To ensure that changes observed in the OPs were
due to the introduction of drugs and not to deterioration or
adaptation of the retinal preparation, we carried out a
series of control experiments using the same adaptation
and stimulus paradigm and time course. There were no sig-
niWcant changes in the frequency or duration of the OPs
across these control trials (data not shown).
3.4. D1- and D2-R antagonist
In initial testing under mesopic conditions, D1- and D2-
R antagonists did not have a signiWcant eVect on the
strength of oscillatory activity (data not shown). Since D1-
and D2-R antagonists have been shown to shift a retina
from the photopic to the scotopic state (Krizaj & Witkov-
sky, 1993), we decided to test whether these drugs would
elicit OPs in a retina adapted and exposed to photopic
background illumination. The addition of 10M of the D2-
R antagonist, sulpiride, resulted in the appearance of oscil-
lations in response to a white light stimulus (Fig. 4). These
Fig. 3. UnWltered, single trial ERGs from salamander retina recorded
under mesopic conditions show that (A) addition of the D2-agonist, quin-
pirole, causes a decrease in oscillatory activity while (B) addition of the
D1-agonist, SKF-38393, causes no change in oscillatory activity.oscillations disappeared when the drug was washed out for
10 min. Quantitative measurements using the oscillation
index showed a signiWcant eVect of the drug (Fig. 5;
p < 0.001). The D1-R antagonist, SCH 23390 (10M), how-
ever, did not have a signiWcant eVect on the strength of
oscillations (Figs. 4 and 5; p D 0.31).
4. Discussion
The purpose of this study was twofold: Wrst, to gain a
better understanding of the retinal site at which dopamine
acts to modulate OPs and second, to explore the involve-
ment of rod versus cone input in the generation of OPs in
the tiger salamander retina. Our pharmacological studies
Fig. 4. UnWltered, single trial ERGs from salamander retina recorded
under photopic conditions demonstrate (A) the appearance of oscillatory
activity in the presence of the D2-antagonist, sulpiride, and (B) no change
in oscillatory activity in the presence of the D1-antagonist, SCH 23390.
Fig. 5. Normalized oscillation index (drug oscillation index/control oscil-
lation index) for (A) quinpirole and SKF-38393 in a mesopic retina and
for (B) sulpiride and SCH 23390 in a photopic retina. Quinpirole caused a
signiWcant decrease in oscillatory activity while SKF-38393 had no signiW-
cant eVect. Sulpiride caused a signiWcant increase in oscillatory activity
while SCH 22390 had no signiWcant eVect; ¤p < 0.001.
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at the D2-Rs, which are located primarily on the photore-
ceptors (Muresan & Besharse, 1993). We also observed that
OPs were most robust under mesopic conditions and were
almost entirely eliminated under photopic conditions. This
is similar to results in rat retina (el Azazi et al., 2004; Wang
et al., 2001) in which OPs were strongest under low mesopic
conditions and non-detectable at background intensities
above the rod threshold. A similar, although not nearly as
pronounced, eVect of photopic illumination has been
described in some human studies, which have found that
the amplitude of OPs under photopic conditions are
decreased as compared to that under scotopic and mesopic
background illumination (Coupland, 1987; Li, Yuan,
Hong, & Song, 1991). This led us to examine whether OPs
in tiger salamander are generated primarily by the rod
pathway. Using stimuli to preferentially excite rods or
cones, we found that, with scotopic background illumina-
tion, green, but not red, light elicited OPs, while under
mesopic conditions, both red and green stimuli of the same
intensity as used under scotopic conditions resulted in OPs.
One explanation for these Wndings is that the cells gener-
ating the oscillatory activity receive input primarily from a
subtype of rods that are electrically coupled to cones. These
rods (referred to as rodcs) were described in tiger salaman-
der by Wu and Yang (1988) as having a rod-like peak spec-
tral sensitivity of »520 nm under scotopic conditions and a
cone-like peak spectral sensitivity of »620 nm under
mesopic conditions. This shift in spectral sensitivity is most
likely due to the shunting of the red-preferring cone signal
into the rod via gap junctions. As ambient light levels
increase, coupling between rods and cones becomes stron-
ger (Yang & Wu, 1989). If input into second-order neurons
by a rodc is necessary to generate oscillations, then this
could explain the observation that a red stimulus only
elicits oscillations when the retina is adapted to mesopic
background illumination. This would also explain the lack
of oscillations in the photopic state, when rods are
desensitized.
That OPs were typically more sustained during mesopic
conditions than during scotopic conditions suggests that the
cone contribution to the rod signal may enhance oscillatory
activity. This is consistent with studies in humans and other
species, which have found that earlier OPs are related to rod-
related pathways and later OPs to cone-mediated pathways
(Heckenlively et al., 1983; Lachapelle, 1991; Wang et al.,
2001). However, the diminution of OPs under photopic con-
ditions in tiger salamander suggests that cone input alone
may not be suYcient to elicit robust oscillations.
There is extensive evidence that OPs originate in the
inner retina. Depth proWle studies have shown that the OPs
originate in the inner nuclear layer (Ogden & Wylie, 1971;
Wachtmeister & Dowling, 1978) and pharmacological stud-
ies indicate that the OPs may be associated with amacrine
and bipolar cells (Dong et al., 2004; Korol et al., 1975;
Wachtmeister & Dowling, 1978; Wachtmeister, 1980). If
this is the case, then it is possible that bipolar cells or ama-crine cells that receive input from rodcs are involved in the
generation of the oscillations observed in this study.
If OPs are caused by neuronal activity of cells in the
inner retina, one might expect D1-Rs to play a role in their
modulation. However, if rodc input into second-order neu-
rons is necessary to elicit oscillations, then the action of
dopamine at D2-Rs could readily inXuence the appearance
of OPs by decreasing rod output and increasing output
through the cone-pathway. This would explain the observa-
tion that, under mesopic conditions, a D2-agonist dimin-
ished oscillations by causing a shift to a predominantly
cone-dominated state. Similarly, in the light-adapted retina,
the D2-antagonist might shift the retina from a cone- to a
rod-dominated state, creating conditions conducive to
oscillatory activity.
Although there is good evidence in the literature that the
appearance and relative strength of OPs are inXuenced by
the adaptational state of the retina (Alcayaga et al., 1989;
Coupland, 1987; el Azazi et al., 2004 Wachtmeister, 1973;
Wachtmeister & Dowling, 1978; Wang et al., 2001), their
role, if any, in visual processing is not well understood. One
possibility is that OPs play a similar role in retina to the
proposed role of oscillations in cortex (Abeles, 1982;
Alonso, Usrey, & Reid, 1996; Konig, Engel, & Singer,
1996); that is, to form synchronized networks that enhance
the eYcacy of neural responses. Ongoing work in our labo-
ratory is focusing on the possibility that OPs establish syn-
chronous Wring among sustained-on ganglion cells and that
the output of these neurons changes depending on adapta-
tional state. It is also possible that in tiger salamander, OPs
simply represent the interplay and mutual inhibition
between the rod and cone systems, which is most dynamic
in the mesopic state when both rods and cones are contrib-
uting to the visual signal.
Acknowledgments
We thank Professor Donald Partridge for critical read-
ing of the manuscript and Dr. David Platts for technical
assistance. This work was supported by the US Department
of Energy ArtiWcial Retina project and Los Alamos
National Laboratory LDRD.
References
Abeles, M. (1982). Role of cortical neuron: integrator or coincidence
detector? Israeli Journal of Medical Science, 18, 83–92.
Aguilar, M., & Stiles, W. S. (1954). Saturation of the rod mechanism of the
retina at high levels of saturation. Optica Acta, 1, 59–65.
Akopian, A., & Witkovsky, P. (1996). D2 dopamine receptor-mediated
inhibition of hyperpolarization-activated current in rod photorecep-
tors. Journal of Neurophysiology, 76, 1828–1835.
Alcayaga, J., Bustamante, S., & Gutierrez, O. C. (1989). Fast activity and
oscillatory potential of carp retina in the frequency domain. Vision
Research, 29, 949–955.
Algvere, P., & Wachtmeister, L. (1972). On the oscillatory potentials of the
human electroretinogram in light and dark adaptation. II. EVect of
adaptation to background light and subsequent recovery in the dark. A
Fourier analysis. Acta Ophthalmologica, 50, 827–862.
314 B. Perry, J.S. George / Vision Research 47 (2007) 309–314Algvere, P., & Westbeck, S. (1972). Human ERG in response to Xashes of
light during the course of dark adaptation: a Fourier analysis of the
oscillatory potentials. Vision Research, 12, 195–214.
Alonso, J. M., Usrey, W. M., & Reid, R. C. (1996). Precisely correlated
Wring in cells of the lateral geniculate nucleus. Nature, 383, 815–819.
Brindley, G. S. (1956). Responses to illumination recorded by microelectrodes
from the frogs retina. Journal of Physiology – London, 134, 360–384.
Cobb, W., & Morton, H. B. (1953). The human electroretinogram with spe-
cial reference to responses to high intensity Xashes. Electroencephalog-
raphy in Clinical Neurophysiology, 5, 622.
Coupland, S. G. (1987). Oscillatory potential changes related to stimulus
intensity and light adaptation. Documenta Ophthalmologica, 66, 195–
205.
DeVries, S. H., & Schwartz, E. A. (1989). Modulation of an electrical syn-
apse between pairs of catWsh horizontal cells by dopamine and second
messengers. Journal of Physiology, 414, 351–375.
Dong, C. J., Agey, P., & Hare, W. A. (2004). Origins of the electroretino-
gram oscillatory potentials in the rabbit retina. Visual Neuroscience, 21,
533–543.
el Azazi, M., Wang, L., Eklund, A., & Wachtmeister, L. (2004). Back-
ground light adaptation of the retinal neuronal adaptive system. II.
Dynamic eVects. Documenta Ophthalmologica, 109, 201–213.
Fan, A-F., & Yazulla, S. (1999). Modulation of voltage-dependent K+ cur-
rents (IK(V)) in retinal bipolar cells by ascorbate is mediated by dopa-
mine D1 receptors. Visual Neuroscience, 16, 923–931.
Fatechand, R. (1978). Rod and cone generation of wavelets in the frog
electroretinogram. Vision Research, 18, 224–232.
Granit, R. L., & Munsterhjelm, A. (1937). The electrical response of dark
adapted frog’s eye to monochromatic stimuli. Journal of Physiology,
88, 436–458.
Gutierrez, O., & Spiguel, R. D. (1973). Oscillatory potentials of the cat ret-
ina eVects of adrenergic drugs. Life Sciences, 13, 991–999.
Heckenlively, J. R., Martin, D. A., & Rosenbaum, A. L. (1983). Loss of
electroretinographic oscillatory potentials, optic atrophy and dysplasia
in congenital stationary blindness. American Journal of Ophthalmology,
96, 526–534.
Hempel, F. G. (1972/1973). ModiWcation of the rabbit electroretinogram
by reserpine. Ophthalmology Research, 4, 65–67.
Henkes, H. E., & Houtsmüller, A. J. (1965). Fundus diabeticus. An evalua-
tion of the prediabetic stage. American Journal of Ophthalmology, 60,
662–670.
Hood, D. C., & Finkelstein, M. A. (1986). In . New York: Wiley.
Ishikane, H., Gangi, M., Honda, S., & Tachibana, M. (2005). Synchronized
retinal oscillations encode essential information for escape behavior in
frogs. Nature Neuroscience, 8, 1087–1095.
King-Smith, P. E., LoYng, D. H., & Jones, R. (1986). Rod and cone ERGs
and their oscillatory potentials. Investigative Ophthalmology and Visual
Science, 27, 270–273.
Knapp, A. G., & Dowling, J. E. (1987). Dopamine enhances excitatory
amino acid-gated conductances in cultured retinal horizontal cells.
Nature, 325, 437–439.
Konig, P., Engel, A. K., & Singer, W. (1996). Integrator or coincidence
detector? The role of the cortical neuron revisited. Trends in Neurosci-
ence, 19, 130–137.
Korol, S., Leuenberger, P. M., Englert, U., & Babel, J. (1975). In vivo eVects
of glycine on retinal ultrastructure and averaged electroretinogram.
Brain Research, 97, 235–251.
Krizaj, D., Gabriel, R., Owen, W. G., & Witkovsky, P. (1998). Dopamine
D2 receptor-mediated modulation of rod–cone coupling in the Xeno-
pus retina. Journal of Comparative Neurology, 398, 529–538.
Krizaj, D., & Witkovsky, P. (1993). EVects of submicromolar concentra-
tions of dopamine on photoreceptor to horizontal cell communication.
Brain Research, 627, 122–128.
Lachapelle, P. (1991). Evidence for intensity-coding oscillatory potential in
the human electroretinogram. Vision Research, 31, 767–774.
Lachapelle, P., Little, J. M., & Polomeno, R. C. (1983). The photopic elec-
troretinogram in congenital stationary night blindness with myopia.
Investigative Ophthalmology and Visual Science, 24, 442–450.Li, X-X., Yuan, N., Hong, J., & Song, P. (1991). The inXuence of adapta-
tion on the oscillatory potentials of the human electroretinogram. Doc-
umenta Ophthalmologica, 76, 389–394.
Liu, Y., & Lasater, E. M. (1994). Calcium currents in turtle retinal ganglion
cells. II dopamine modulation via a cyclic AMP-dependent mecha-
nism. Journal of Neurophysiology, 71, 743–752.
MolotchnikoV, S., Shumikhina, S., & Moisan, L. E. (1996). Stimulus-
dependent oscillations in the cat visual cortex: diVerences between bar
and grating stimuli. Brain Research, 731, 91–100.
Müller, W., Gauss, J., Spittel, U., & Dück, K. –H. (1984). Oscillatory poten-
tials in cases of systemic hypertension. Documenta Ophthalmologica,
40, 167–171.
Muresan, Z., & Besharse, J. C. (1993). D2-like dopamine receptors in
amphibian retina: Localization with Xuorescent ligands. Journal of
Comparative Neurology, 331, 149–160.
Ogden, T. E., & Wylie, R. (1971). Avian retina. I. Microelectrode depth and
marking studies of local ERG. Journal of Neurophysiology, 34, 357–
361.
PfeiVer-Linn, C. L., & Lasater, E. M. (1998). Multiple second-messenger
system modulation of voltage-activated calcium currents in teleost reti-
nal horizontal cells. Journal of Neurophysiology, 71, 743–752.
Rector, D. M., & George, J. S. (2001). Continuous image and electrophysi-
ological recording with real time processing and control. Methods, 25,
151–163.
Sherry, D. M., Bui, D. D., & Degrip, W. J. (1998). IdentiWcation and distri-
bution of photoreceptor subtypes in the neotenic tiger salamander ret-
ina. Visual Neuroscience, 15, 1175–1187.
Simonsen, S. E. (1965). Electroretinography study of diabetics. A prelimi-
nary report. Acta Ophthalmologica (Copenhagen), 43, 841–843.
Stella, S. L., & Thoreson, W. B. (2000). DiVerential modulation of rod and
cone calcium currents in tiger salamander retina by D2 dopamine
receptors and cAMP. European Journal of Neuroscience, 12, 3537–
3548.
Usami, E. (1967). Studies on ERG of occlusion of the retinal artery and
vein especially on the prognostic value. Nippon Ganka Gakkai Zasshi,
71, 39–45.
Wachtmeister, L. (1972). On the oscillatory potentials of the electroretino-
gram in light and dark adaptation. Acta Ophthalmologica, 50, 1–30.
Wachtmeister, L. (1973). On the oscillatory potentials of the human elec-
troretinogram in light and dark adaptation. Part 3, Thresholds and
relation to stimulus intensity on adaptation to background light. Acta
Ophthalmologica, 51, 95–113.
Wachtmeister, L. (1980). Further studies of the chemical sensitivity of the
oscillatory potentials of the electroretinogram (ERG). I. GABA- and
glycine antagonists. Acta Ophthalmologica, 58, 712–725.
Wachtmeister, L. (1981). Further studies of the chemical sensitivity of the
oscillatory potentials of the electroretinogram (ERG). II. Glutamate-
aspartate- and dopamine antagonists. Acta Ophthalmologica, 59, 247–
258.
Wachtmeister, L., & Dowling, J. E. (1978). The oscillatory potentials of the
mudpuppy retina. Investigative Ophthalmology and Visual Science, 17,
1176–1188.
Wachtmeister, L., & Hahn, I. (1987). Spatial properties of the oscillatory
potentials of the frog electroretinogram in relation to state of adapta-
tion. Acta Ophthalmologica, 65, 724–730.
Wang, L., el Azazi, M., Eklund, A., & Wachtmeister, L. (2001). Back-
ground light adaptation of the retinal neuronal adaptive system. Docu-
menta Ophthalmologica, 103, 13–26.
Witkovsky, P. (2004). Dopamine and retinal function. Documenta Oph-
thalmologica, 108, 17–40.
Wu, S. M., & Yang, X. L. (1988). Electrical coupling between rods and
cones in the tiger salamander retina. Proceedings of the National Acad-
emy Science, 85, 275–278.
Yang, X. L., & Wu, S. M. (1989). Modulation of rod–cone coupling by
light. Science, 244, 352–354.
Yang, X. L., & Wu, S. M. (2004). Signal transmission from cones to ama-
crine cells in dark- and light-adapted tiger salamander retina. Brain
Research, 1029, 155–161.
